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I. INTRODUCTION

The resonators proposed for use with cylindrical chemical lasers are

usually half-symmetric unstable resonators with axicon mirrors that transform

an annular cross section into a circular conpacted area. A typical resonator

of this type, called a linear half-symmetric unstable resonator with internal

axicon (HSURIA), is shown in Fig. 1. Data are desired on various aspects of

this resonator, including mode control, bean quality, sensitivity to misalign-

ment of the optical elements, polarization of the beam, effect of support

struts, and obscuration of the W-axicon tip. These data will be used to de-

ternine the acceptability of various resonator configurations proposed for use

with the cylindrical chemical lasers. The CO2 laser facility designed for ob-

taining these data has been in operation since early 1978 and has been respon-

sible for some significant results on polarization effects associated with

HSURIAs, which have been published recently.
1

The requirements and constraints impcsed on the facility design are

described in Section II. In Section III, a brief summary is given of the

open-cycle tests that established the feasibility and defined the range of

operating paraneters for the closed-cycle CO2 laser facility. The gas flow

system, the flow parameters, and the results of some gas flow measurements are

discussed in Section IV. A description of the high-voltage electrical dis-

charge circuits, together with some measurements of the gas discharge, is

presented in Section V. The system performance as determined by gain measure-

ments, interferometric analysis of medium homogeneity, and beam quality of

several HSURIAs, is discussed in Section VI. The report is then concluded

with a brief summary and some general comments.

IR.A. Chodzko, S.B. Mason, and L.B. Turner, Appl. Opt. 19, 778 (1980).
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II. DESIGN CONSIDERATIONS

A repetitively pulsed, closed-cycle CO2 laser design was selected for

several reasons. First, the relatively long wavelength of a CO2 laser

(10.6 um) was preferred so that the laser wavelength would be much larger than

the figure errors (approximately *1 pm) of the diamond-turned metal mirrors to

be used in resonator tests. Second, there was a good technology base for CO2

electrical discharge lasers. A repetitively pulsed CO2 laser with a 4 -in. di-

ameter had been built and operated successfully at the Air Force Weapons Labo-

ratory. Third, it was desirable that the laser operate continuously for long

periods of time so that the effects of mirror adjustments could be observed in

real time and measured. It was, however, necessary to keep the average power

low to minimize thermal distortion of the mirrors. Because of these issues.

the use of a continuous-flowing, repetitively pulsed device was indicated.

The expenditure of gas is prohibitive for an open-cycle system, so a closed-

cycle system was planned.

The window diameter of 19.7 cm was ultimately determined by the cost and

availability of the ZnSe window material. The equivalent Fresnel number, how-

ever, had to be at least 4.5 to provide a reasonably good simulation of the

resonator and annular gain medium of a large cylindrical chemical laser. The

equivalent Fresnel number of a half-symmetric unstable resonator is defined by

2 2
N ~a (14 -1)
eq 2AL 2M

where M is the resonator magnification, L is the cavity length, X is the

lasing wavelength, and a is the radius of the hole in the output coupling

mirror. These dimensions are shown in Fig. 1.

In Fig. 2, the maximum equivalent Fresnel number that can be obtained for

the clear aperture diameter of 18.7 cm is plotted versus Lc, the compacted

beam length. The Fresnel number is plotted for two typical values of magni-

fication, N - 1.5 and M - 2.0, and for two values of gain medium length,

11
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I - 1.0 and 1 - 1.5 m. The effective length of the annular leg must be about

1.0 m longer than the length of the gain medium to permit space for gas mani-
folds and optical mounts. The total cavity length L is the sum of LC and LA.

The threshold gain, also indicated for each curve in Fig. 2, is given by

1 2

G~m~ ln M

which is valid in the geometric optics limit. The value 0.80 is an estimate

of the total mirror reflectivity and window transmission for one round trip of

the resonator. It can be seen from the graph that the equivalent Fresnel

number is higher for the shorter length of the gain region £, but that the

threshold gain is also higher. A tentative decision was made to limit the

length of the discharge tube to 1 m, which made it necessary to achieve a

medium gain of somewhat greater than 0.804/m, the threshold value for M - 2.0.

In addition to the requirements just discussed, it was necessary that the

electrical discharge be homogeneous with no arc streamers. Also, it was re-

quired that the gas flow or discharge not introduce appreciable inhomoge-

neities in the refractive index of the medium that might degrade the beam

quality.

13
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III. OPEN-CYCLE TESTS

The feasibility of the large-diameter electrical discharge laser was

first established and the operating conditions of the laser were determined by

an open-cycle test facility before the closed-cycle system was designed.

An existing large-capacity vacuun pumping system was used to provide

volumetric flow rates of up to 10,000 cfm at pressures-of up to 10 Torr. A

60-gal nixing tank filled to 200 psi provided sufficient gas fcr run times of

a few minutes per filling depending on the gas flow rate. The gas flow rate

was adjusted by setting the pressure upstream of a sonic metering orifice, and

the discharge tube pressure was adjusted with the use of a large ball valve to

the vacuum pumping system. The electrical discharge took place in a 22-cm-

i.d. glass pipe located between two rings that consisted of 12 electrodes

each, which were spaced 127 cm apart. Observations were made on the homo-

geneity of the electrical discharge and on the gain of the mediui for a range

of gas pressures and mixtures, gas flow velocities, pulse current amplitudes

and duration, and glow discharge currents.

It was found that uniform electrical discharges could be obtained at gas

pressures of up to 4 Torr with pulse currents of about 6 A and pulse durations

of 1 ms in a gas mixture of 1:1:4 of C02:N2:He, with the use of a continuous-

wave (cw) glow discharge current of 60 nA and a gas flow rate of over 2000

cfn. Arc streamers would form for slower volumetric flow rates or for mix-

tures with less helium. The measured gain was fairly uniforn across the tube

and was 1.3/n for the parameters just given, which was well above the thres-

hold value (Fig. 2).

15



IV. CLOSED-CYCLE FLOW SYSTEM

A. FUNCTIONAL DESCRIPTION

A large Roots vacuum pump was used in the closed-cycle facility to

circulate the gas continuously through the system. Figure 3 is a schematic

diagran of the flow system. The flow enters the aluminum inlet manifold at a

pressure of about 4.6 times the operating pressure in the discharge tube. The

gas then flows radially inward through a series of 50 sonic orifices around

the inner circumference of the manifold. The pressure is thereby dropped to

the proper operating pressure in the discharge tube. The gas exits through an

aluninun output manifold and continues to the inlet of the Roots pump where it

is compressed. A small amount of the gas (about 1%) is removed during each

round trip by an auxiliary 50-cfm mechanical pump. This gas is replaced by a

small flow from the gas supply-mixing tank, which minimizes the buildup of

contaminants in the lasing gas.

It is necessary to cool the gas with Freon heat exchangers. The first

cooler, which is located at the inlet to the Roots pump, removes the heat of

the electrical discharge. The second cooler (actually two coolers in series)

is used to remove the heat of compression at the exit of the Roots pump. A

final cooler is placed at the exit of the plenum chamber. The coolers work

very well even at the low pressure of 4 to 16 Torr because of the high thermal

conductivity of the helium gas. A long glass pipe is used on the inlet side

of the discharge tube to prevent the discharge from going backwards toward the

plenum chamber. The high-voltage anodes are on the upstream side of the dis-

charge tube so that the ions drift with the gas flow.

Figure 4 is a photograph of the completed closed-cycle C02 laser facil-

ity. The large Newport Research Corporation vibration-isolated optical table

is in the foreground. The discharge tube is suspended over the table by means

of a cantilever support, and it does not touch the table. The glass pipe is

supported by a Unistrut steel framework. The high-voltage power supply and

high-voltage circuit rack, with the current pulser, are at the left of the

photograph. Figure 5 is a photograph of the rear view of the facility. The

17
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Fig. 4. Photograph of Laser Facility with Optical Table
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Fig. 5. Photograpb of Laser Facility -Rear View that Shows Roots
Slower and Refrigeration Unit.
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large Roots pump with its base and mount is in the center of the photograph,

the pump inlet is at the top, a water-cooled Freon refrigeration unit is at

the right, and the plenum chamber is behind the unit. The Roots pump is less

noisy than originally expected, and the working environment is quite accept-

able. The pump vibration, which is minimal, appears to have little effect on

the sensitive optical mounts of the laser resonators on the optical table.

B. GAS FLOW PARAMETERS

The physical constants for the constituent gases are provided in Table 1,

and the gas flow parameters are listed in Table 2. Some of the significant

characteristics of the gas mixture and flow conditions should be discussed.

The gas pressure is relatively low, but the gas flow is still in the continuum

regime because the mean free paths are only a few micrometers at the operating

pressures. The gas flow velocity is much less than the speed of sound, except

at the sonic orifices; compressibility effects are therefore negligible. Cal-

culations and measurements have indicated that the gas friction losses in the

discharge tube and the connecting pipes are also very low. The thermal con-

ductivity of helium is high, so that even at gas pressures of a few Torr, the

heat exchangers are efficient. This was also verified by experimental tests.

The gas is compressed by the Roots pump and is then expanded through 50

small holes, 1/4-in. diameter each, located around the inner wall of the inlet

manifold. This procedure results in a relatively uniform flow in the dis-

charge tube. The pressure ratio across these inlet orifices is 4.60. For a

nominal operating pressure of 3.5 Torr in the discharge tube, the upstream

pressure is 16 Torr. The mass flow across a sonic orifice is given by

2 _+I/Y- i/2

which becomes

(4 3 45 1/2

21



Table 1. Constituent Gas Constants

Gas Molecular y Ci,, J/g-K Viscosity, Heat Con~uctivity k,
Weight um (poise) W/n'-OC/n

C2 44.011 1.304 0.8326 1.39 x 10- 0.0149

N2  28.016 1.404 1.0369 1.71 x 10-4 0.0244

He 4.003 1.660 5.233 1.86 x 104 0.1438

22.



Table 2. Sumary of Gas Flow Conditions

Gas mixture 1:1:4 of C02:N2:He

Average molecular weight 14.67

Effective value of Yr y - 1.50

Sound speed of gas c - 481.7 mWs

DicaretuePI -~ 3.5 Torr 420c

Gsvelocity in discharge tube u -53.3 m/s

23



for y - 1.5. The area of the 50 inlet holes is A* - 0.0015835 m2 . The inlet

gas pressure and density are po " 2133.2 newtons/m 2 and P0 - 0.01378 kg/m 3 , and

the mass flow is calculated to be m- 6.02 g/s at O°C. The volumetric flow is

determined from the mass flow by p -ouA. At 3.5 Torr, p - 3.0144 g/m 3 , so

uA - 2.0 m3 /s, which corresponds to 4230 cfm. The Roots pump is rated at

6800 cfm, so there appears to be some loss in pump efficiency and perhaps some

pressure drop across the finned coolers. The cross-sectional area of the dis-

charge tube is 0.03748 m2 , so the flow velocity u - 53.3 m/s.

C. FLOW MEASUREMENTS

Measurements were made of the pressures, temperatures, and index of re-

fraction changes in order to establish the flow parameters and flow uniform-

ity. In addition, photographs were taken of the tube luminosity to determine

the electrical discharge uniformity. Pressure measurements are made with

capacitance manometers, which are routinely used for the determination of the

tube operating pressure and upstream pressure. An operating pressure of 3.5

Torr is normally used, because near-maximum gain can be achieved without over-

loading the Roots pump. Thermocouples are placed at several locations around

the flow circuit to monitor the performance of the coolers. It was determined

that the gas temperature at the inlet manifold is usually 18 to 200C. The gas

is heated by the electrical discharge to about 360C when using a nominal pulse

repetition rate of 10 to 15 pulses/s. This gas is then cooled to -150C before

it enters the inlet to the Roots pump. The gas is heated by the Roots pump to

about 1200 C and is cooled to -10 0 C before it enters the 6 in. diam glass pipe.

Interferometer measurements were made to determine the variation of

optical path length across the tube cross section. Zygo interferometer fringe

patterns for no flow and flow conditions are shown in Fig. 6. A superposition

of these two patterns results in a Moire pattern that indicates clearly the

optical path difference (OPD), which is also shown in Fig. 6. There is evi-

dently a gas density change from the center to the outside of the tube that

results in an OPD of 4 A, double pass, at 6328 A, which is the wavelength of

the He:Ne laser source used in the Zygo interferometer. The OPD can be

24



L4JJ

00 z -44

U- <

CDj

0

I-0c
u0

CL UU

C) co 0-49

C) u- cvsu

m254

w In rm r. C



decomposed into a spherical component of 2 X, which should not degrade the

beam quality, and into a nonspherical component of 2 X, double pass. The lat-

ter component amounts to an error of about X/16, single pass, for X - 10.6 t.

When only the outside annular region of the tube is used with the HSURIA, for

example, the OPD that results from the flow is much less. Interferograms were

also obtained when the current pulser was synchronized with the shutter of the

Zygo interferometer, so that a single current pulse was produced when the

shutter was open. There was very little change from the interferogram made

with no current pulse, which means that the current pulse makes little

difference in the OPD.

Photographs of the discharge luminosity taken end-on through the tube

indicate a decrease of luminosity in the center of the tube. Gain measure-

ments, described in Section V, also show a minimum at the center of the

tube. When the gain medium is used for tests of annular resonators, however,

the annular portion of the gain medium is very uniform.

26



V. ELECTRICAL DISCHARGE

A. SYSTEM SCHEMATIC

A high-voltage circuit was designed and built to supply a continuous-glow

discharge current of 60 to 70 mA and a repetitive pulse current of up to 6 A

with a duration of up to 2 ns and a pulse rate of up to 20 pulses/s. The

pulse current amplitude, duration, and repetition rate are continuously vari-

able. A schematic diagram of the high-voltage electrical discharge circuit is

shown in Fig. 7. Two large filter capacitors, 14 uF each, are used to main-

tain the supply voltage to the pulser at a relatively constant value. These

capacitors are charged through a 20 kohm bank of resistors and can be dis-

charged rapidly through the same resistors by a vacuun relay. The glow dis-

charge current is supplied directly from the power supply through a bank of

1.5 meg ballast resistors.

The high-current pulses are generated by a pair of high-voltage vacuum

tubes whose grids are controlled by a separate grid bias and pulse circuit, as

shown in Fig. 8. The glow discharge current and pulse current are supplied to

a high-voltage bus, which connects to 12 anodes through individual ballast re-

sistors. The cathodes are connected to a ground bus through individual bal-

last circuits described below. The resistors in the pulser circuit are non-

inductive, and low-inductance circuit connections are used to minimize induc-

tive effects.

B. ELECTRODE CONFIGURATION

Twelve aluminum button electrodes, 1.25 cm diameter, are mounted in a I-

in.-thick Teflon ring at each end of the 91.4-ccw-long glass discharge tube.

The anodes are connected to a high-voltage bus ring with 1000-ohm resistors,

and the cathodes are connected to a ground bus ring with 5000-ohm resistors.

These resistors were necessary to evenly distribute the glow discharge current

over all 12 electrodes. The voltage drop across these 5000-ohm ballast re-

sistors is only 30 V for the glow discharge, but for a pulse discharge current

of 6 A, the voltage drop would be 2500 V. To reduce this voltage, a varistor

27



LUI

*00

C,,D
LUI.

LUC C/ ~

CD >0
C, 0m CO

t- I- q

c~.cc

2c, U7

LU 4-4

0r c.) C.

ccJ CD

o .C

LU cc -%410 
L

w coI-i LJJJ

49, CD. --- a3

C6 U

a 4_ _ 0 . -=
LU L

28



wJ

C02

co "4

010

cr) 64

UJ

w cm

z _i E
+

29



with a breakdown voltage of about 200 V, in series with a 500-ohm resistor,

was placed across the 5000-ohn resistor. This reduces the voltage drop to

about 450 V. During both the glow and pulsed discharge, all the electrodes

appear to be active, and the discharge appears to be evenly distributed around

the tube.

C. CURRENT AND VOLTAGE MEASUREMENTS

The pulse current is measured with a Pearson Model 411 current trans-

former that produces 0.1 V/A with a 10 ns rise time and very little droop

during the 1 to 2 ns pulse duration. A typical current pulse is shown in

Fig. 9a. The current is quite constant, except for an initial transient.

The voltage drop across the discharge tube for the cw glow discharge only

was measured to be 2.43 kV for 70 nA at a gas pressure of 3.5 Torr. The

transient behavior of the voltage across the tube during and after a pulse is

more complex. Oscilloscope traces are shown in Fig. 9b and 9c.

A graph of this transient voltage pulse, reduced fron oscilloscope data,

is shown in Fig. 10. The voltage drop before the current pulse is 2.43 kV,

and the gas is weakly ionized. At the start of the pulse, the voltage rises

to 4.18 kV because a large current is flowing through the weakly ionized gas.

As the ionization increases, the voltage decays to 3.38 kV during the 1.2-s

pulse duration. When the pulse current is cut off, the voltage across the

tube suddenly drops to 0.43 kV because only the 70-mA glow-discharge current

is flowing through a strongly ionized gas. The ions and electrons then slowly

reconbine so that an equilibrium voltage of 2.43 kV is reached for the glow

discharge.

The high-voltage capacitors are partially discharged during each pulse

and then charged between pulses. The voltage change AV is then

AV - _ Idtu 6 x 1.25 x 10 -3 268 V
C 0 28 x I0- 6
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The voltage across the high-voltage tetrodes is the capacitor voltage minus

the voltage across the discharge tube, because the chassis of the high-voltage

pulser is tied to the anode bus. From the previous graph of the temporal be-

havior of the voltage across the discharge tube, the plate voltage can be

determined, also shown in Fig. 10. The plate voltage becomes 11.82 kV at the

start of the pulse and then rises to 12.35 kV by the end of the pulse. For a

given grid voltage, the tube current increases relatively slowly with increas-

Ing plate voltage. Therefore, the change in tube current is very small during

the pulse.
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VI. SYSTEM PERFORMANCE

A. GAIN MEASUREMENTS

The gain was measured with the use of a low-power, tunable Sylvania Model

950 CO2 laser. A schematic diagram of the gain measurement optical system is

shown in Fig. 11. The bean of a fle:Ne laser was made colinear with the CO2
laser beam for the purpose of optical alignment. A small fraction of the beam

was directed through the electrical discharge tube through small NaCl windows.

A calibration was obtained with the use of a chopper; the chopper was then set

in the open position for the gain measurements. A series of several super-

imposed oscilloscope traces were made during each camera exposure to obtain a

good average value of the gain. figure 12 is a typical oscilloscope photo-

graph of the gain signals. The baseline is the cw laser signal 10. The gain

signal I(t) rises rapidly during the current pulse and reaches a peak value at

the end of the pulse. The gain then decays to zero in a few milliseconds.

The gain g(t) is given by

1 I o + I(t)

g(t) - - ln 0 io
1 10

Gain neasurenents were made on axis and at 1.5 and 3.0 in. off axis for a

variety of conditions and for three spectral lines, P(16), P(18), and P(20).

Measurements were made for a range of pressures from 2.5 to 4.5 Torr, and

the expected increase of gain with pressure was observed, as shown in Fig. 13a.

The gain at 2.6 Torr is well above threshold for a resonator with M - 2, so

lasing should occur at this pressure. The gain in the center of the discharge

tube is somewhat lower than in the outer annulus. This is indicated by data

taken at a pressure of 3.6 Torr, which are presented in Fig. 13b. It was

found that the gain in the center of the tube could be increased somewhat by

the use of a longer current pulse with less current, as shown in Fig. 13c.

If it were important to increase the gain on axis, the pulse duration

should be set at 2.0 ns, but for tests of annular resonators, a pulse duration

of 1.25 ns is optimum. The gain data shown in Fig. 13 were obtained early in
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Fig. 11. Schematic Diagram of Gain Measurement System
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the test program before resonator tests were begun. Additional gain

measurements were made later to obtain better spatial resolution. These

measurements, which are plotted in Fig. 14, are similar to the earlier test

data.

R. PFRFORMANCE W1ITH HSURIAs

A detailed description of the resonator tests is outside the scope of

this report. However, the performance of the laser facility can be assessed

by a sunnary of some of the results of these tests. The average laser power

output for some HSURIAs has been as high as 10 W for pulse repetition rates of

10 pulses/s, which corresponds to 1.0 J/pulse. The observed near-field inten-

sity for some resonators has been very uniforn, and near-theoretical bean

quality has been obtained. Therefore, the performance is not degraded by the

gain nediun. Lasing has been obtained at pressures of 2.5 Torr when the power

output is reduced by a factor of about 2 to 3 from the nominal output at 3.5

Torr. This suggests that an even larger dianeter laser facility would be

feasible. An increase in diameter would require a decrease in pressure to

obtain uniforn electrical discharges.

In Fig. 15, laser output signals are shown from a pair of Hg:Cd:Te de-

tectors observing the beam from a HSURIA that has a magnification of 2.2 and is

operating under nominal conditions of 3.5 Torr pressure, 5.5 A, and a 1.25 ms

pulse duration. Lasing is observed to switch on abruptly at 350 Us after the

start of the current pulse, which is used to trigger the trace, and the output

power reaches a maxirum at about 900 Us. Comparison with the zero signal gain,

shown in Figs. 12 and 13c, indicates that the laser output does not follow the

tenporal shape of the zero signal gain, but it reaches a maximum when the zero

signal gain is still increasing. This behavior indicates that the medium is

being partially saturated at a resonator magnification of 2.2. A spectrum

analyzer has shown that the laser output is usually on the P(18), P(20), or

P(22) lines of the CO2 spectrum. The wavelength, however, was observed to

shift suddenly from one line to another. At the low gas pressures, the CO2

lines are Doppler broadened and are therefore very narrow (Au * 56 MHz).
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The C02 lines at these pressures are comparable to the longitudinal mode

spacing of a typical resonator. Small changes in cavity length can therefore

cane the spectral output to change, because the laser will always operate at

the highest gain consistent with the allowed longitudinal mode frequencies.
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VII. SUMiARY

The closed-cycle CO2 laser facility has satisfied all of the original

requirements discussed in Section ii. (1) The large aperture permits the

testing of resonators at large equivalent Fresnel numbers. (2) The discharge

is uniform, and the gas flow does not introduce appreciable inhomogeneities

that could degrade the beam quality. (3) The gain is adequate for the testing

of unstable resonators at magnifications of greater than 2.0, with good gain

saturation. (4) The facility can be operated for long periods of time, and

the effects of mirror adjustments can be observed in real time. (5) Although

the instantaneous power is as large as 1 kW, the duty cycle is less than 2%,

so the average power is sufficiently low that thermal distortion of the

mirrors is no problem. (6) The system thus far has been very reliable with

minimal down time caused by equipment failures.
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LAVORATORY OpgATIONS

The Laboratory Operation. of The Aerospace Corporation is conducting

experimental and theoretical Investigations necessary for the evaluation and
application of scientific advances to new military concept. and systems. Ver-
satility and flexibility have been developed to a high degree by the laborato-
ry personnel In dealing with the may problems encountered in the Nation@

rapidly developing spae system. Expertise in the latest scientific develop-
ments is vital to the accomplishment of tasks related to the" problem. The

laboratories that contribute to this research are:

Aerophysics Laboratory: Aerodynamics; fluid dynamics; plasmadynemics;
chemical kinetics; engineering mechanics; flight dynamics; heat transfer;
high-power Raj lasers, continuous and paued, 12. visible, UW; laser physics;
laser resonator opt ici; laser effects a&d countemeasures.

Chemistry and Physics Laboratory: Atmospheric reactions and optical beck-
grounds; radiative transfer and atmspheric tramsmission; thermal and state-
specific reaction rates In rocket plumes; chemical theumodymamis and propu-
sIon chemistry; laser Isotope separation; chemistry adphysics of particles,
space environmental and contamination effects on spacecraft materials; lubrica-
tion, surface chemistry of Insulators and conductors; cathode materials; mik.

* eam materials and sensor optics, applied Last spectroscopy; atomic frequency
standards; pollution and toxic materials monitoring.

Electranice Research Laboratory: Electromagnetic theory and propagation
phenomena; microwave and semiconductor devices and Integrated circuits; quan-
tum electronics, lasers, and electra-optics; comunication sciences, applied
electronics, superconducting and electronic device physical milliueter-mve
and far-infrared technology.

materials sciences aorty:Development of new materisle;. composite
materials; graphite and crmics; 2.polymeric materials; weapons effects andl
hardened materials; materials for electronic devices; dimensionally stable
materials; chemical and structural analyses; stress corrosion; fatigue of
metals.

Maoao Atmospheric and Ionospheric physics, radia-
tion dest end Composition of the atmosphere, aurora.
and airglow;, magnetospheric physics, cosmic rays, generation and propagation
of plasma woves In the mgnetosphere; solar physics, xn-ray astronomy; the effects

4 of unclear explosions. magnetic storm, and solar activity on the earth*s
atmosphere, Ionosphere. and magnetosphere; the effects of optical, electromag-
netic, med particmute radiations In space on space system.


